The structural maintenance of chromosome (SMC) complexes are an evolutionarily conserved family of protein complexes, including condensin, cohesin, SMCHD1, Smc5/6, and others, present in most organisms from eubacteria to humans ([@r1]). These proteins are involved in processes as diverse as DNA damage repair, sister chromatid cohesion, and organization of mitotic and interphase chromosomes. SMC complexes are characterized by a 3-part ring, composed of a dimer of SMC subunits, each with an ATPase domain and a long coiled-coil domain; a kleisin linker which closes the ring; and accessory proteins which bind to the linker to perform specific functions, depending on the organism ([@r1]).

Recent in vivo studies have provided evidence that SMC complexes have a motor activity, allowing them to translocate processively on a chromatin fiber and perform active chromatin reorganization by loop extrusion. In the proposed loop-extrusion mechanism ([@r2][@r3][@r4][@r5][@r6][@r7]--[@r8]), SMC complexes (or oligomers of SMC complexes) bind to DNA at a single site; bridge 2 flanking DNA segments, forming a loop; and then progressively enlarge the loop by translocating away from the loading site. Thus, loop extrusion is thought to result from the activity of 2 connected motors translocating in opposite directions that expand a DNA loop.

Single-molecule studies provide support for this or a similar mechanism by demonstrating that budding yeast condensin SMCs are mechano-chemical motors that can translocate along DNA ([@r9]), extrude DNA loops ([@r10]), and actively compact DNA ([@r11][@r12]--[@r13]). While the molecular details of this process are yet to be fully understood ([@r14], [@r15]), loop extrusion appears to be a mechanism that can explain a wealth of chromosomal phenomena in eukaryotes and bacteria.

In eukaryotes, during mitosis, loop extrusion by condensin can explain the compaction and resolution of sister chromatids and may underlie the formation of arrays of loops and nested loops central to mitotic chromosomes. Evidence also suggests that loop extrusion by cohesin SMCs underlies the formation of chromosomal domains during interphase ([@r16][@r17][@r18][@r19]--[@r20]).

In bacteria, condensin SMC complexes help resolve newly replicated origins and appear to do so by juxtaposing the left and right chromosome arms of the newly replicated sister chromosomes. Amazingly, DNA juxtaposition extends from origin to terminus, generating a single 4-Mb "loop" ([@r7], [@r21], [@r22]). Studies using chromosome conformation capture (Hi-C) and chromatin immunoprecipitation combined with deep sequencing (ChIP-seq) have shown that condensins are preferentially loaded onto chromosomes via ParB proteins bound at *parS* sites located primarily adjacent to the origin of replication ([@r23][@r24]--[@r25]). Once loaded, condensins progress away from the *parS* sites ([@r8], [@r26]) along both chromosomal arms, thus juxtaposing them ([@r7], [@r21]), resulting in the characteristic "X"-shaped pattern on the Hi-C maps of many bacteria ([@r27]). In vivo experiments recently showed that translocation by condensin is an active process ([@r8], [@r28]): Condensin complexes travel processively and bidirectionally away from the *parS* loading site, in a manner that appears to be ATP-dependent, at speeds exceeding 800 bp/s ([@r29]). This active juxtaposition of chromosome arms by the bacterial condensin SMC condensin complex suggests a mechanism of loop extrusion in bacteria ([@r7], [@r8], [@r28], [@r30]) nearly identical to the proposed loop-extrusion process in eukaryotes.

Beyond their function in directly shaping spatial chromosome structure, SMCs can potentially also respond to various signals, allowing the reorganization of chromosomes in response. As an example, recent studies provide strong evidence that transcription can affect genome structure and SMC action ([@r31][@r32][@r33][@r34][@r35]--[@r36]). It remains unknown, however, how an SMC loop extruder interacts with the transcription machinery and how these nanometer-scale interactions affect global chromosome structure.

Here, we study the effect of transcription on chromosome structure by developing models of condensin dynamics and validating them using experimental data. Central to these models is the hypothesis that the speed of condensin translocation is affected by transcription, depending on the relative orientation of genes and the direction of extrusion. We propose that once a condensin encounters an actively transcribed gene, it slows down due to interactions with the transcription machinery, with the slowing down being greater if condensin and RNA polymerase (RNAP) meet in a head-to-head versus head-to-tail interaction.

Our models predict condensin juxtaposition trajectories that are in excellent quantitative agreement with Hi-C data for wild-type and engineered bacterial strains where the condensin loading site has been moved to different genome positions. Our analysis further supports the idea that loop extrusion by bacterial condensins is mediated by at least 2 independently acting and uncoupled motor activities. To understand the molecular mechanisms that underlie the directional effect of slow transcription (∼40--80 bp/s) on the much faster condensin translocation (∼800 bp/s), we develop a mechanistic "moving-barriers" model for interactions of SMC complexes with transcription machinery. The analytical solution of the stochastic "moving-barriers" model allows us to integrate diverse experimental data to predict chromosome structure arising through the interplay of loop extrusion and transcription. We find strong evidence that SMC molecules can bypass elongating RNAPs, impeding their translocation within 2 s of an encounter at rRNA operons and within 10 s at protein-coding operons. This finding has important implications for understanding the mode of DNA translocation by condensins and their ability to overcome steric barriers. We also investigated changes in DNA juxtaposition following transcription inhibition and acute RNAP degradation. Our analysis revealed that both transcription-dependent and -independent effects impacted condensins' genome-wide chromosome juxtaposition activity. Our quantitative models of transcription--condensin interactions tested on bacterial data have widespread implications for chromosome organization and can provide a framework to study the effect of transcription on chromosome organization in higher organisms

Materials and Methods {#s1}
=====================

Hi-C and ChIP-seq were performed as described ([@r7]) for *Bacillus subtilis* *PY79* cells grown to midexponential phase ([*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). For sources of data present in all figures, refer to [*SI Appendix*, Tables S1--S17](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental). For data processing, see [*SI Appendix*, *Data Processing*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental). Simulations and theory are described in [*SI Appendix*, sections 3--6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental). Source codes are available at <https://github.com/hbbrandao/bacterialSMCtrajectories>. Data are deposited in the Gene Expression Omnibus (accession no. GSE117854).

Results {#s2}
=======

Predicting Condensin's Spatiotemporal Trajectory from Gene Directions and Positions. {#s3}
------------------------------------------------------------------------------------

In the Hi-C map of wild-type *B. subtilis*, as reported ([@r7], [@r21]), contacts from DNA segments close in the linear genome sequence, as in all organisms, give rise to the primary interaction diagonal, which extends from the bottom left to top right of the map (see [Fig. 1*A*](#fig01){ref-type="fig"} and [*SI Appendix*, Tables S2--S14](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental) for sources of data in all figures). A secondary diagonal, which runs perpendicular to the primary, typical of many bacterial Hi-C interaction maps ([@r7], [@r22], [@r27]), indicates a symmetric juxtaposition of 2 chromosome arms about the *parS* sites located next to the origin of replication (*ori*) ([Fig. 1 *A*](#fig01){ref-type="fig"}, *Inset*). However, engineered strains of *B. subtilis*, in which all of the endogenous *parS* sites are deleted, and a single site is inserted at other positions, reveal different shapes of the Hi-C secondary diagonal. In such strains, the wild-type secondary diagonal is missing and is replaced with a diagonal emanating from the new *parS* location ([@r7], [@r8]). Without exception, these new interaction signatures are tilted or curved away from the *ori* ([Fig. 1*B*](#fig01){ref-type="fig"}). These curved diagonals represent an asymmetry in interactions between DNA flanking these displaced *parS* sites. In all cases, larger tracks of terminus-proximal DNA interact with shorter tracks of origin-proximal DNA. In the loop-extrusion model, chromosome juxtaposition occurs by 2 motor activities of condensin translocating away from the *parS* site ([Fig. 1*C*](#fig01){ref-type="fig"}); at the molecular level, the secondary diagonal, visible by Hi-C, arises from individual trajectories of condensin's loop-extrusion motors, averaged over a population of cells. Thus, in the context of this model, a curved diagonal suggests that at certain loci, one of the loop-extruding motors translocates more slowly that the other one ([Fig. 1*D*](#fig01){ref-type="fig"}).

![The posited role of transcription in shaping asymmetric SMC translocation rates. (*A*) Hi-C map of a wild-type *B. subtilis* *PY79*. *A*, *Inset* depicts the juxtaposition of chromosome arms (dashed lines) centered on the *ori* to *ter* axis. (*B*) Hi-C map of a *B. subtilis* strain (see [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental) for strain tables) with a single *parS* site at −94° which has a secondary diagonal that points biasedly away from the *ori*. (*C*) Loop-extrusion model schematic depicting the active juxtaposition of chromosome arms performed by the *B. subtilis* condensin loop-extruding complex. (*D*) Gene directions point biasedly toward the *ter* (green arrows); for SMC motors translocating toward the *ori* (blue), there will be increased frequencies of head-on collisions with transcripts as compared to SMCs translocating toward the *ter* (red). (*E*) Interpretation of Hi-C: Condensin translocates bidirectionally from the *parS* site juxtaposing flanking DNA; motion toward the *ter* is faster than toward the *ori*, resulting in the asymmetric secondary diagonal.](pnas.1907009116fig01){#fig01}

Recalling that over 75% of genes in *B. subtilis* are co-oriented with replication ([@r37]), we posited that transcription could account for the tilt of the secondary diagonal by slowing down condensin translocation ([Fig. 1*D*](#fig01){ref-type="fig"}). Since condensin translocation toward the *ori* will be more frequently opposing transcription, the increased numbers of "head-to-head" encounters of condensin with RNAP potentially lead to a slower overall translocation rate for *ori*-oriented condensins. This results in a gene-direction-based effect on condensin speed ([Fig. 1*E*](#fig01){ref-type="fig"}). This hypothesis is supported by recent experimental evidence in *Caulobacter crescentus* and *B. subtilis*, where the relative orientations of genes to condensin-loading sites have been altered ([@r8], [@r28]).

To test whether the interplay between condensin translocation and transcription can shape chromosome structure, we developed a model where condensin trajectories can be predicted based solely on gene locations and orientations ([Fig. 2*A*](#fig02){ref-type="fig"}). In this model, condensins form a loop-extrusion complex that has 2 motors, each translocating independently and deterministically along the DNA with the maximum speed *v*~max~; the complex begins at a single point (the *parS* site), and each motor progresses in opposing directions with the following rules: When a motor encounters a gene, its instantaneous speed *v* is changed such that$$\begin{array}{l}
{v = v_{max}\,\text{if}\,\text{the}\,\text{condensin}\,\text{motor}\,\text{moves}\,\text{in}\,\text{the}\,\text{direction}\,\text{of}\,\text{gene}\,\text{transcription},} \\
{{{v = v_{max}}/\gamma}\,\text{if}\,\text{the}\,\text{condensin}\,\text{motor}\,\text{moves}\,\text{in}\,\text{the}\,\text{direction}\,\text{opposing}\,\text{gene}\,\text{transcription},} \\
{{{v = v_{max}}/\rho}\,\text{if}\,\text{the}\,\text{condensin}\,\text{motor}\,\text{moves}\,\text{in}\,\text{the}\,\text{direction}\,\text{opposing}\,\text{the}\,\text{rRNA}\,\text{loci},\,\text{which}\,\text{are}\,\text{the}\,\text{most}\,\text{highly}\,\text{transcribed}\,\text{genes,}} \\
{\left( {v = v_{max} \text{in}\,\text{the}\,\text{absence}\,\text{of}\,\text{annotation}} \right).} \\
\end{array}$$The value γ is interpreted as the fold increase in time required for a condensin motor to traverse a gene against the direction of transcription. ρ is similarly interpreted, but reserved for the highly transcribed rRNA operons which are found at 7 distinct loci in *B. subtilis PY79*. Below, we generalize this model to incorporate locus-specific rates of transcription. Crucially, we assumed that speeds of condensin motors in the same extrusion complex were independent of each other---i.e., if one motor is slowed down, the other continues unaffected at its own speed; we revisit this assumption later. As the 2 motors move away from the *parS* site, they bring together flanking DNA, generating the Hi-C secondary diagonal ([Fig. 1 *C* and *D*](#fig01){ref-type="fig"}). By computing the displacement from *parS* versus the time of each motor, base pair by base pair, using gene position and direction data ([*SI Appendix*, section 3.1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)), it was possible to trace the expected extrusion complex trajectory parametrized by time on the Hi-C map ([Fig. 1*E*](#fig01){ref-type="fig"}); the trajectory depends on the values of γ and ρ as shown ([Fig. 2 *B*](#fig02){ref-type="fig"}, *Right*).

![Model of SMC translocation based on gene position and orientation. (*A*) Rules for the model of condensin-translocation rates based on gene orientation. (*B*) A parameter sweep of the model shows the agreement with Hi-C data as a function of γ and ρ parameters (*Left*); illustrative example trajectories (*i*--*iv*) are superimposed on the Hi-C map to show how juxtaposition traces change as a function of these parameters (*Right*). (*C*) Examples of using the *parS+26°* strain-specific optimum parameters (γ = 2 and ρ = 20) (see [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental) for globally optimum trajectories) to predict the juxtaposition trajectories of other engineered *B. subtilis* strains. (*D*) The model of condensin translocation using only gene positions and orientations captures the spatiotemporal behavior of Hi-C secondary diagonal formation during a time-course Hi-C experiment where condensin loading was induced at *t* = 0 min.](pnas.1907009116fig02){#fig02}

We hypothesized that if transcriptional interference with loop extrusion is a universal phenomenon which depends largely on gene orientation, then a single set of the parameters γ, ρ might predict the shapes of secondary diagonals in different engineered bacterial strains with ectopic condensin loading sites. By sweeping over parameter values and comparing predicted extrusion traces to Hi-C experiments, we can determine the best values of γ and ρ ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). For example, we can use the best values of γ and ρ found for one strain---i.e., *parS*+26° ([Fig. 2*B*](#fig02){ref-type="fig"})---to adequately predict the condensin trajectories in 9 other strains ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Moreover, and importantly, we found that the optimal solutions for γ and ρ across strains have similar values ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Combining parameter-fit values of the different strains ([*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)), we found that a single set of parameters (γ = 3.5, ρ = 20) provides the overall best predictive power for the secondary diagonals and extrusion traces ([*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) and resembles the strain-specific optimum trajectories ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)).

To validate the temporal aspect of our above model of condensin loop extrusion, we tested whether it agreed with time-course Hi-C of chromosome juxtaposition ([@r8]). In the time-course experiments, loading of condensin at the *parS* site was induced at time *t* = 0 min, and the progression of the juxtaposition front was monitored by Hi-C over 5-min time intervals. Using the average juxtaposition rate of 800 bp/s measured previously ([@r8]), we calibrated the relative condensin speeds into absolute speeds ([*SI Appendix*, section 4.1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). In our model, knowing the average condensin speed, *v*~avg~, we inferred the maximum speed, *v*~max~, using$$v_{\text{avg}} = \frac{v_{\text{max}}}{\frac{1}{\text{N}}{\sum_{\text{i} = 0}^{\text{N}}\eta_{\text{i}}}},$$where *N* is the number of base pairs of a genome arm, and *i* is the relative translocation time to move across a locus (where η~i~ = γ,ρ if the base pair, η~i~, belongs to a gene or rRNA locus that is oriented opposite to condensin's translocation, and η~i~ =1 otherwise). Plotting the model predictions made for each arm using the 2 globally optimal parameter values γ = 3.5, *ρ* = 20, known experimental values for *v*~avg~ = 800 bp/s, *N* = 2 × 10^6^ (base pairs), we found excellent quantitative agreement with the time course of experimental Hi-C ([Fig. 2*D*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) and inferred that the maximum speed of condensin is *v*~max~ ≈ 1,500 ± 200 bp/s.

Thus, this minimal model which uses only gene positions and orientations agrees well with experimental data; it captures the major aspects of the Hi-C secondary diagonals and suggests that transcription orientation is a key factor in controlling the speed of extrusion. However, the model does not establish a direct link between condensin translocation and the process of transcription. Accordingly, it remains a possibility that other DNA motifs or processes, correlated with gene orientations, influence condensin speeds ([@r38]). This calls for more direct experimental tests for the role of genes and transcription. Nonetheless, we can conclude from this analysis that, either via transcription or other mechanisms, origin to terminus sequence biases strongly influence condensin translocation and alter chromosome organization in a predictable and universal way.

Bidirectional Condensin Translocation Is Performed by 2 Independent Motor Activities. {#s4}
-------------------------------------------------------------------------------------

The model above and previous analyses ([@r8]) suggest that *B. subtilis* condensin complexes bidirectionally translocate along chromosomal arms, enlarging chromosomal loops by 2 independent motor activities. We sought to rigorously test whether this assumption of independence is necessary and the degree to which it holds true. We modified the model such that the instantaneous waiting times for each locus (*η*~i~ = *γ*,*ρ*) were partially correlated between the 2 motors, thereby breaking the assumption of independent translocation for each motor. Correlation was quantified by the mixing parameter *f* (*f* = 0 for independent motion, *f* = 1 for fully correlated motion; see [*SI Appendix*, section 3.2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental) for details).

As done previously, we swept the parameters *γ*, *ρ* for various fixed values of *f* in the mixing model (ranging from *f =* 0 to *f =* 1) to obtain goodness-of-fit values ([*SI Appendix*, Fig. S4*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Intriguingly, the model with *f = 0* (independent translocation) had the highest overall goodness-of-fit value ([*SI Appendix*, Fig. S4*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) and exhibited visually better predictions ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Thus, our model strongly suggests that the translocation process occurs via 2 independent motor activities, which do not sense impediments to their counterpart in the other translocation direction. This finding argues that dimerization (or oligomerization) of condensin may be required to obtain 2 distinct motor activities, consistent with previous experimental evidence and theoretical models ([@r8], [@r14], [@r39], [@r40]), or that a single 1-sided condensin dynamically switches directions of translocation, leading to apparent "2-sided" extrusion, with effectively independent motor activities ([@r41]).

Transcription Slows Down the Condensin Translocation Rate at Highly Transcribed Genes. {#s5}
--------------------------------------------------------------------------------------

To directly test the effect of transcription on condensin translocation, we studied how transcription inhibition affects chromosome structure, as assayed by Hi-C using the small molecule rifampicin. Rifampicin is a well-characterized transcription inhibitor that prevents the transition from transcription initiation to elongation, but does not prevent binding of RNAP to DNA ([@r42]); moreover, RNAP molecules that have started to synthesize RNA will continue to synthesize their RNA until they reach the transcription termination site ([@r43], [@r44]). Residual transcription elongation after treatment with rifampicin is shown to have a genome-wide half-life of ∼6 min in *Escherichia coli* ([@r45]), so after 30 min of rifampicin treatment, the estimated remaining elongation is below 1% of untreated levels.

As shown previously, in a strain with a *parS* site close to a large cluster of rRNA operons (*parS+*26°), adding rifampicin to exponentially growing cells for 30 min results in a partial straightening out of the secondary diagonal ([@r8], [@r28]) ([Fig. 3*A*](#fig03){ref-type="fig"}). We reasoned that if transcription elongation shapes the overall tilt in the secondary diagonal, our quantitative model ([Fig. 2*A*](#fig02){ref-type="fig"}) should reveal a decrease in both the *γ* and *ρ* values following transcription inhibition.

![Transcription-dependent and -independent features of SMC-mediated chromosome juxtaposition. (*A*) Hi-C data from previous experiments \[Wang et al. ([@r8])\] showing the effect of transcription inhibition by rifampicin for 30 min on chromosome arm juxtaposition; superimposed SMC translocation model trajectories (solid and dashed lines) suggest a transcription-elongation independent effect on asymmetric SMC trajectories (i.e., the factor γ is unchanged before and after treatment; [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)); schematic representations of the changes to chromosome juxtaposition are shown on the right. (*B*) Hi-C before and after rifampicin treatment experiments for a strain (*parS+94°*) with condensin loading far from the highly transcribed rRNA clusters of the other strain (*parS*+26°); the unchanging secondary diagonal angle confirms a transcription-independent effect.](pnas.1907009116fig03){#fig03}

We fit the published data on transcription inhibition to obtain the best-fit values for *γ*, *ρ* before and after treatment ([*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). To our surprise, we found that *γ* = 2, *ρ* = 4.5 best describe the data after treatment and *γ* = 2, *ρ* = 20 before treatment ([Fig. 3*A*](#fig03){ref-type="fig"} and [*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). This suggests that the overall tilt ("baseline asymmetry") in the Hi-C secondary diagonal away from rRNA loci, captured by our parameter *γ*, is largely independent of transcription elongation (i.e., *γ* = 2 before and after treatment). Conversely, *ρ*, which quantifies the slowdown of condensin translocation going head-to-head with transcription at rRNA loci, largely depends on elongation.

To independently investigate this observation, we performed additional transcription-inhibition experiments using a strain with a *parS* site at the −94° position. In this strain, the *parS* site is far from the highly transcribed rRNA loci that affect condensin movement in the former strain (*parS*+26°). Consistent with the effect suggested by our model, we observed virtually no changes to the angle of the Hi-C secondary diagonal in the newly tested strain after 10 min ([*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) or 30 min ([Fig. 3*B*](#fig03){ref-type="fig"}) of rifampicin treatment. This suggests that protein-coding genes (non-rRNA) have little effect on the speed of condensin translocation. These observations and the partial, but not complete, straightening out of the secondary diagonal in the *parS*+26° experiments led us to consider 2 possible models: Either nontranscribing RNAPs (e.g., trapped at transcription start sites by rifampicin) are directional barriers to condensin translocation, akin to CTCFs as directional barriers to cohesin in eukaryotes ([@r4]), or an RNAP-independent mechanism generates the "baseline asymmetry" of chromosome juxtaposition at loci outside of rRNA operons.

To differentiate between these the 2 models, we analyzed changes to chromosome structure following the degradation of RNAP. We reasoned that degrading RNAP will have no effect on the secondary diagonal tilt if the mechanism that generates the asymmetric juxtaposition is RNAP-independent. We generated a strain in which the sole copy of the β′ (beta prime) subunit of RNAP was fused to yellow fluorescent protein (YFP) and an SsrA tag (β′-YFP-SsrA) and could be conditionally targeted for degradation ([@r46]) ([*SI Appendix*, Fig. S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). We induced degradation of the β′ fusion in a strain with a *parS* site at the −59° position and monitored the levels of protein over 90 min; β′ levels dropped to 5% of their initial value, as assayed via quantitative immunoblotting ([*SI Appendix*, Fig. S7*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) and imaging of β′-YFP-SsrA fluorescence in single cells ([*SI Appendix*, Fig. S7*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Strikingly, a time-course Hi-C after induction of RNAP degradation revealed only a minor change in the tilt of the secondary diagonal ([*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). As with rifampicin treatment, the most significant changes to the Hi-C maps manifested as a "blurring" of Hi-C features along the main diagonal and the disappearance of high-intensity spots along the secondary diagonal ([*SI Appendix*, Fig. S8*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). After RNAP degradation for 90 min, contact probability at short distances (\<200 kb) decayed more quickly as compared to normal growth conditions ([*SI Appendix*, Fig. S9*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) and was indistinguishable from DNA contact probabilities of cells treated for 30 min with rifampicin ([*SI Appendix*, Fig. S9*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Thus, RNAP and transcription are necessary for creating the texture in the Hi-C maps, which results in increased DNA--DNA contacts within ∼200 kb of separation; however, it does not strongly affect the overall secondary diagonal tilt. Altogether, the degradation of RNAP experiments rule out the role of paused RNAPs in establishing the "baseline asymmetry" of chromosome juxtaposition; this further indicates that the condensin translocation slowdown toward the *ori* (at non-rRNA loci) is largely independent of RNAP.

In hindsight, we understand that our phenomenological model ([Fig. 2*A*](#fig02){ref-type="fig"}) worked so well because in *B. subtilis*, gene density is high and homogeneous ([*SI Appendix*, Fig. S8*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)), and there are relatively few highly transcribed genes ([@r47]); the average RNAP density is 0.1 RNAP/kb for most genes ([@r48]), in contrast with ∼10 RNAP/kb for rRNA genes ([@r48]) in our growth conditions ([*SI Appendix*, section 4.2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Thus, the parameter *γ* reflects a systematic *ori* to *ter* bias in the condensin translocation speed (i.e., the "baseline asymmetry") which correlates with gene direction but is largely RNAP-independent. We posit that such a bias may come from the process of DNA replication and will be a topic of future study. In contrast to *γ*, however, the parameter ρ, which reflects condensin slowdown at rRNA loci, does depend strongly on transcription. We thus chose to focus on understanding how the parameter ρ emerges from the process of transcription. Accordingly, we tested mechanistic models to help explain how highly transcribed genes become directional barriers to condensin translocation.

The Moving-Barriers Mechanism of Condensin--Transcription Interactions. {#s6}
-----------------------------------------------------------------------

Plausible mechanisms of SMC and RNAP interaction must solve the following puzzle: How can condensin's effective speed of translocation \[measured at \>800 bp/s via Hi-C and ChIP-seq ([@r8])\] be so strongly attenuated (\>20-fold) by RNAP transcription \[which moves at 40--90 bp/s ([@r49])\], depending only on the relative orientation of the 2 processes?

Previous studies have suggested that a passive SMC ring can be pushed by transcribing RNAP ([@r34], [@r50]). This idea emerged from the observation that cohesin SMCs are enriched at sites of convergent transcription in yeast ([@r50], [@r51]) and in mammalian cells ([@r35]); this is further supported by other experiments demonstrating localization of cohesin mediated by transcription in cells ([@r32]) and in vitro ([@r52]). The central assumption of the models is that transcription machinery forms an impermeable moving barrier to the SMC ring, pushing it along the direction of transcription.

By combining the moving-barrier idea with active translocation by condensin, we can intuitively explain the directional effect of RNAP elongation on SMC translocation at highly expressed genes and the emergence of the direction parameter, ρ. In the case of head-to-tail interactions between condensin and RNAP ([Fig. 4 *A*](#fig04){ref-type="fig"}, *Left*), a condensin motor translocates at a high rate (e.g., ∼1,500 bp/s) until it encounters a transcribing RNAP moving in the same direction at a much lower speed \[e.g., 80 bp/s as measured in *E. coli* ([@r49])\]. Since RNAP is assumed to be an impermeable barrier (we generalize this later to allow for partial permeability), when condensin encounters an RNAP, it slows down its translocation rate to match the RNAP until the end of the operon. Dissociation of RNAP at the end of an operon allows the condensin to continue translocating at its original high speed. In contrast, in the case of head-to-head interactions ([Fig. 4 *A*](#fig04){ref-type="fig"}, *Right*), when a translocating condensin encounters a transcribing RNAP, condensin is stalled and pushed back to the transcription termination site \[condensin has a very low stall force measured in vitro ([@r10]) compared to RNAP ([@r53])\]. Once RNAP dissociates at the transcription termination site, condensin is left to attempt crossing the operon again; the condensin will only successfully cross the operon if no RNAPs are encountered during its run through the operon. In this "moving-barriers" model, the relative directional slowing down of condensin arises from the fact that multiple attempts may be required for the condensin to successfully cross an operon in a head-to-head orientation.

![Mechanistic models of extrusion-transcription interference. (*A*) The "moving-barriers" model of condensin transcription interactions: Transcription complexes are posited as impermeable barriers to condensin movement, which results in different translocation dynamics when crossing operons in the co-oriented or convergent fashion. Condensin translocates (*i*) at its native speed (*v*~SMC~) until (*ii*) it reaches a slowly moving RNAP, then (*iii*) it proceeds in the direction and at the speed of RNAP (*v*~RNAP~) until (*iv*) RNAP reaches the end of the operon, whereby condensin continues translocation at its original speed and direction. (*B*) Analytically computed average times to cross an operon for each of the head-to-tail (*Left*) and head-to-head (*Right*) cases as a function of operon length and RNAP density. Despite similar "rules," in the head-to-tail case (*B*, *Left*), the SMC always reaches the end of the operon, whereas in the head-to-head case (*B*, *Right*), a successful traversal by SMC may occur only if no RNAP is encountered within a cell-division time (dashed line). (*C*) Extension of the "moving-barriers" model allowing for condensin to bypass transcribing RNAP (*Left*, schematic); simulations of the locus-crossing times with varying permeability ("bypass") rates and RNAP densities (*Right*); blue region indicates the experimentally estimated time for condensin to cross a 3-kb rRNA gene locus (with density ∼10 RNAP/kb).](pnas.1907009116fig04){#fig04}

The moving-barriers concept can be incorporated into a quantitative model, allowing us to compute the parameter *ρ*. To obtain theoretical estimates for the times to cross a locus in the head-to-head versus head-to-tail cases, we solved the moving-barriers model analytically ([Fig. 4*B*](#fig04){ref-type="fig"}) ([*SI Appendix*, section 5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). The ratios of the calculated head-to-head to baseline operon crossing times gave us a theoretical local value of *ρ* as a function of operon lengths and RNAP density and produced a strong directional effect with *ρ* \>\> 1, as desired. However, for characteristic rRNA operon lengths (10 kb) and average rRNA locus densities (∼10 RNAP/kb), the calculated directionality parameter produced values of *ρ* \> 10^4^ ([*SI Appendix*, Fig. S9*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)), far exceeding the sought range of *ρ* ≈ 20--100 ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). These calculations raise the possibility that translocating condensins can somehow bypass ("hop over") elongating RNAP.

As a consistency check, we investigated whether the moving-barriers model would support the observations that transcription inhibition ([Fig. 4*B*](#fig04){ref-type="fig"}) and RNAP degradation ([*SI Appendix*, Fig. S7*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) resulted in only a minor change to the tilt of the secondary diagonal. Using the moving-barriers model, we calculated the relative contribution to our parameter *γ* due to transcription elongation at regular operons (i.e., non-rRNA). For operons of length ∼3 kb, and average RNAP densities of ∼0.1 RNAP/kb, the ratio of head-to-head versus head-to-tail crossing times was ∼1.3 ([*SI Appendix*, section 5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). The ∼1.3-fold relative slowdown suggests that active transcription can only account for a *γ* value up to ∼1.3. Since *γ* is found to be between 2 and 7 ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)), this suggests that transcription elongation can contribute only up to 30% of the observed tilt. If condensins can bypass RNAPs (as we will see below), then the upper limit of 30% will be further reduced. Thus, the model agrees with the apparent lack of change in the secondary diagonal tilt at non-rRNA loci. Interestingly, this calculated fold increase in crossing times between the head-to-tail and head-to-head encounters agrees well with other recent experimental results ([@r28]). In *C. crescentus*, the enrichment of SMCs within genes was up to 1.4-fold larger, depending on whether the genes transcribed "against" or "with" the direction of condensin translocation (see figure 5 in ref. [@r28]). This suggests that the moving-barriers concept is not only applicable to *B. subtilis* genes, but is a general feature of SMC interactions with transcription in other organisms.

Translocating Condensins Can Efficiently Bypass Sites of Active Transcription. {#s7}
------------------------------------------------------------------------------

To study the possibility that translocating condensin can bypass transcribing RNAP, we generalized our moving-barriers model by introducing a finite permeability to the barrier. In the permeable moving-barriers model, condensins that are hindered by a transcription complex can bypass it with a characteristic rate, µ ([Fig. 4 *C*](#fig04){ref-type="fig"}, *Left* and [*SI Appendix*, Fig. S10*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)), i.e., pausing at each RNAP for on average 1/µ s. The limiting case µ → 0 s^−1^ is the impermeable-barriers model ([Fig. 4*A*](#fig04){ref-type="fig"}), and the limit µ → ∞ s^−1^ is where condensins do not interact with RNAP at all.

We studied the model analytically and performed 1D simulations of the RNAP and condensin translocation with varying permeability (or bypass) rates, µ, and computed the average times for condensin to cross operons of various lengths (1--10 kb). We searched for permeability rates which would reproduce rRNA head-to-head and head-to-tail locus crossing times measured by Hi-C as well as the parameter *ρ* ≈ 20. Time-course Hi-C data indicated that to cross the clusters of rRNA operons near the *ori* (e.g., *parS+*26° strain), it takes \<1 min for condensins traveling along the direction of transcription ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) and between 8 and 15 min against transcription ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Assuming RNAP densities of ∼10 RNAP/kb, we found from simulations that the permeability rate µ ∼ 0.8--1.6 s^−1^ was most consistent with the experimental data on rRNA locus-crossing times and µ ∼ 0.6--1.7 s^−1^ from the analytical model ([Fig. 4*C*](#fig04){ref-type="fig"}, [*SI Appendix*, Fig. S10*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental), and [*SI Appendix*, section 6.2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Reassuringly, this range of rates also reproduced the value *ρ* ≈ 20 required to reproduce condensin traces in Hi-C data ([*SI Appendix*, Fig. S10*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Together, these results suggest that in crossing the rRNA locus, condensins stall for 0.5--2 s at each elongating RNAP molecule before bypassing it. Curiously, the rate at which SMCs bypass RNAP molecules (0.5--1.6 s^−1^) is very close to the rate of ATP consumption by SMCs (∼0.7 ± 0.1 ATP/condensin/s) ([@r29]), suggesting that a few (∼1 to 5) ATP cycles (or SMC "step") are required for condensin to bypass an elongating transcription complex. Interestingly, these estimates suggest that most genes (due to low levels of transcription compared to rRNA genes and high permeability values) will not significantly slow down condensin translocation; this is consistent with the small effect of transcription inhibition on the "baseline asymmetry" of chromosome juxtaposition (i.e., parameter γ).

We next sought to independently validate the permeability-rate estimates measured above. The analytical formulation of the permeable moving-barriers model makes several predictions. While most genes will not measurably change the overall condensin trajectories visible by Hi-C, they will leave signatures in SMC accumulation patterns measurable by ChIP-seq. We made 3 predictions: First, there will be a positive correlation between RNAP and SMC ChIP-seq signals. Second, the model predicted a nonuniform SMC accumulation pattern within operon bodies: Wherever RNAP accumulates within a gene body, our theory predicted that SMCs will also accumulate. Additionally, even for uniform RNAP distributions, simulations of head-to-head encounters suggested that for high RNAP densities and inferred permeability rates (e.g., 10 RNAP/kb and µ = 0.8 s^−1^), there will be a strong accumulation of SMC at transcription termination sites, whereas for lower RNAP densities and similar rates (e.g., 1 RNAP/kb and µ = 0.8 s^−1^), the SMC distribution will be more uniform ([*SI Appendix*, Fig. S10*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)); the pattern and strength of accumulation is a function of the permeability rate, RNAP density, and distance from the transcription start site ([*SI Appendix*, Fig. S10*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Third, and most importantly, the model predicted a stronger ChIP-seq enrichment for condensins crossing operons in the head-to-head versus head-to-tail directions ([*SI Appendix*, Fig. S10 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)).

Thus, to test the permeable moving-barriers model, we performed ChIP-seq for RNAP and condensin. As expected, we found a strong positive correlation between RNAP and SMC ChIP-seq signals ([*SI Appendix*, Fig. S11*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)) (Pearson correlation coefficient, *R* = 0.51, *P* \< 10^−28^). Then, visualizing SMC and RNAP ChIP-seq signals alongside genome annotations, we found that wherever RNAP accumulated, SMC also accumulated, consistent with the analytical theory ([Fig. 5*A*](#fig05){ref-type="fig"}). Interestingly, the reverse was not always true ([Fig. 5*A*](#fig05){ref-type="fig"}); this suggests that RNAPs can be barriers to translocating condensins, but that other DNA-bound proteins may also be barriers; consequently, this makes our estimates of the permeability rates lower bounds on the true rates. Lastly, to probe for the gene-body- and gene-direction-dependent SMC accumulation, we performed an aggregate analysis of SMC accumulation within operons. We found that SMC accumulated 2 times more strongly in operons where the transcription direction opposed condensin's translocation direction ([Fig. 5*B*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S11*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)), consistent with our simulations ([Fig. 5*C*](#fig05){ref-type="fig"}) and analytical model ([*SI Appendix*, sections 6.3--6.7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). The simulations with a range µ ∼0.1--0.8 s^−1^ were in the best agreement with the SMC ChIP-seq data using estimated numbers of RNAP (∼1--3 RNAPs per transcription burst) (ref. [@r54]; [Fig. 5*C*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S10*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)); the analytical model suggested µ ∼ 0.12--0.36 s^−1^ for the same values ([*SI Appendix*, section 6.6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). Thus, 2 independent sets of data (derived from Hi-C and ChIP-seq) produced similar results within the permeable moving-barrier model framework for rRNA loci and protein-coding loci. Together, these analyses lend strong support for the idea that elongating RNAPs can push translocating condensins and support our findings that condensins bypass the elongating RNAPs with high efficiencies ([Fig. 5*D*](#fig05){ref-type="fig"}).

![Evidence for the "permeable moving barriers" model of condensin--transcription interactions. (*A*) Comparison of SMC ChIP-seq tracks (anti-SMC) with RNAP tracks (anti-GFP and RpoC-GFP) showing that RNAP colocalizes with SMC, but SMC peaks may occur without RNAP; operon locations are shown. (*B*) Fold difference of ChIP-seq signal for SMC tracks normalized by RNAP tracks; average signal is shown for all genes of length up to length 1 kb, separated by the direction of SMC translocation relative to transcription direction ([*SI Appendix*, section 1.3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)). (*C*) Simulation SMC ChIP-seq for 1-kb gene, demonstrating the differential accumulation of SMC within the gene body for the "moving barriers with permeable boundaries" model; a permeability rate of 0.5 s^−1^ well describes the ∼2-fold change in experimentally observed head-to-tail versus head-to-head SMC accumulation. (*D*) Summary model: Condensins (possibly oligomers) translocate away from the *parS* loading site by 2 independent (blue and red) motor activities; condensin motors can bypass steric barriers (like transcription machinery or other DNA-bound proteins) which are of similar size or larger than the condensin lumen; while condensin attempts to bypass a steric barrier, it may be "pushed" by other translocating factors like RNAP, leading to transcription-dependent SMC translocation rates.](pnas.1907009116fig05){#fig05}

Discussion {#s8}
==========

Collectively, our analysis leads to the permeable moving-barriers model ([Fig. 5*D*](#fig05){ref-type="fig"}). The model, which is quantitative in nature, makes several yet untested predictions. It suggests that by increasing the density of transcribing RNAPs beyond a critical value, actively transcribed loci will become directionally impermeable to condensin translocation within physiological time scales. For example, it is highly improbable for a condensin to cross a 10-kb operon with a density of ∼20 RNAP/kb in the head-to-head orientation within ∼35 min (or one cell division time), but it will bypass the same operon in the head-to-tail orientation within 30 s. Prior experimental observations have demonstrated that condensin translocation speed can be directionally slowed down by the rRNA locus ([@r8], [@r28]) and can result in a gene-direction-dependent build-up of SMC at other highly expressed operons ([@r28], [@r55]), but the impermeability of a transcribed locus to condensin has not been shown. A Hi-C experiment whereby the transcription levels are increased at a specific locus may test the prediction of a directionally impermeable locus, and our quantitative analyses can provide a guide to estimate conditions (based on transcript length and RNAP density) when a locus can totally block condensin translocation.

The permeable moving-barriers model posits that transcription elongation is the key driver of the directional slowing down of condensin by RNAP. One can hypothesize that RNAP has a directional effect on condensin translocation, like the effect of CTCF proteins on cohesin in eukaryotes ([@r4]). The similar effects of rifampicin treatment (where some RNAPs remain stalled at promoters) and RNAP degradation on the bacterial Hi-C maps rule out the possibility that RNAPs are strong "CTCF-like" barriers to condensin translocation. However, we cannot rule out the possibility of a weak "CTCF-like" effect by RNAP on condensin speed. To rigorously test this assumption of our model, future experiments will have to decouple the effects of density of RNAP in genes from the physical process of RNAP elongation. This may involve performing Hi-C on cells treated with drugs that stall RNAP elongation while preserving the RNAP density.

Predictions of the permeable moving-barriers mechanism can also be tested by single-molecule experiments similar to those that observed ATP-dependent condensin translocation ([@r9]) and loop extrusion ([@r10]) in vitro. For example, in head-to-head "collision" types of experiments, bypassing of elongating RNAP by condensin, and pushing/pausing of condensins for the predicted ∼1 to 2 s may be measured; however, while observing the directional effect on a single RNAP on condensin could be difficult, our model suggests that a train of transcribing RNAPs will better help measure the permeability value (i.e., the rate at which condensin bypasses DNA-bound obstacles like RNAP). Our analyses of SMC ChIP-seq data and estimates of the permeability rates (i.e., µ ∼ 0.1--0.8 s^−1^ for protein-coding sequences versus µ ∼ 0.8--1.6 s^−1^ for rRNA loci) also raise the interesting possibility that different types of genes (i.e., coding versus noncoding) may have different permeabilities. The lower permeability rate in protein-coding genes could arise from a higher steric hindrance imposed by ribosomes that bind to nascent RNA during transcription in protein coding, but not rRNA genes. This can be tested in vitro by attaching fluorophores or beads of different sizes to a transcribing RNAP or by increasing the length of the transcribed RNA (see below), potentially achieving different rates of permeability.

The permeable moving-barriers mechanism proposed here for bacteria may be a general mechanism with implications in eukaryotes as well. There is growing evidence that transcription can affect cohesin SMC localization in yeast ([@r50]) and mammalian cells ([@r32], [@r35]) and can potentially interfere with the process of loop extrusion by cohesin. Although the size of isolated eukaryotic RNAPs are comparable to their bacterial counterparts \[∼10--15 nm in diameter ([@r56])\], sizes of whole elongating transcription complexes in eukaryotes can be considerably larger. A typical 1.5- to 3-kb bacterial operon generates RNA of physical dimensions up to ∼60 × 30 × 10 nm ([@r57]). Together with coupled transcription and translation machinery, we estimate that the transcription complex will have a globular diameter of 45--60 nm ([*SI Appendix*, section 6.8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental)), which could be just small enough to pass through the SMC lumen ([Fig. 5*D*](#fig05){ref-type="fig"}). In comparison, the average human gene is ∼27 kb ([@r58]), increasing the linear dimensions of the RNA molecule by ∼2-fold (see [*SI Appendix*, section 6.8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1907009116/-/DCSupplemental) for further details). While eukaryotes do not have coupled transcription and translation, there is transcription-coupled splicing, and the spliceosome is of similar size to the ribosome ([@r58]), making the whole complex of a globular diameter \> 70 nm. Future experiments will be needed to test whether SMCs can bypass steric barriers larger than what fits through their lumen. Of particular interest, a recent preprint has shown that purified yeast condensins that extrude loops on DNA can bypass one another with short pauses of ∼7 s ([@r59]); this is similar to the time we measured for bacterial condensins to bypass elongating transcripts. If eukaryotic RNAPs turn out as permeable to SMC as bacterial RNAPs, transcription in eukaryotes may not have a major effect on chromosome organization by loop extrusion, as compared to other molecules that specifically (and directionally) impede loop extrusion, like CTCF ([@r20], [@r60]). Nevertheless, since SMC and CTCF interactions in eukaryotes play a regulatory role in gene expression ([@r61]), it is of interest to explore the potential role of SMC--transcription interactions in gene regulation in both bacteria and eukaryotes.

The remarkable ability of loop-extruding condensin SMCs to bypass large elongating transcription complexes in bacteria is important from both molecular and evolutionary standpoints. While the molecular mechanisms of loop extrusion by SMCs remain to be elucidated, our results suggest that to overcome large steric barriers, either: 1) a sufficiently large opening (large enough to fit the entire transcription complex) emerges in the SMC complex lumen during an SMC ATPase cycle, and SMC loop extrusion proceeds by maintaining DNA in a topological embrace \[with mechanisms like "inchworm," "pumping," "segment-capture," and "shackled-walker" ([@r9], [@r14], [@r25], [@r62][@r63]--[@r64])\]; or 2) the SMC rings transiently open ([@r65]), disengage the topological embrace of the DNA, and reengage after passing the steric barrier \[closer to the "walker"/"rock-climber" models ([@r39], [@r40])\].

Furthermore, our work suggests a possible link between the SMCs' ATP hydrolysis rate and the rate at which the SMC complex can bypass sites of active transcription or other obstacles. We found that condensins pause for about 1 (or a few) ATP hydrolysis cycles before bypassing RNAP. This suggests that the rate of bypassing will differ between types of SMC complexes, depending on their respective ATP hydrolysis rates. For instance, yeast cohesin SMCs are shown to have lower ATP hydrolysis rates in vitro of \<0.2 ATP/cohesin/s ([@r66], [@r67]), whereas yeast condensins have higher rates of ∼1.5 ATP/condensin/s ([@r9]) compared to *B. subtilis* SMC's 0.7 ATP/condensin/s ([@r29]).

Another surprising result is that loop extrusion activity occurred by 2 effectively uncoupled motor activities in vivo; i.e., occlusion of 1 motor did not affect the translocation of the other. This could suggest that linked dimers of condensins each separately perform directional translocation (thus loop extrusion) ([@r8], [@r40]). We note, however, that this does not preclude the possibility that a single SMC complex performs the 2 motor activities: For instance, an anchored "1-sided" SMC extruder can alternate the anchoring site and the "DNA reeling arm," effectively performing 2-sided extrusion with uncoupled kinetics ([@r41]); this will be a topic of future study.

Irrespective of the molecular details, the ability to overcome steric barriers is likely an important evolutionary adaptation for SMCs to organize chromosomes (e.g., to resolve sister chromatids in bacteria and to form domains and compacted genomes in eukaryotes) largely unobstructed by active transcription. Permeability of RNAPs to loop extrusion also suggests that SMCs should be able to effectively bypass other large steric barriers, such as nucleosomes in eukaryotes \[consistent with experimental evidence, where nucleosome depletion does not affect condensin's ability to form a mitotic chromosome ([@r68]) and a recent preprint showing that human condensins can bypass nucleosome-bound DNA ([@r69])\], as well as long plectonemes ([@r22], [@r31]) and other DNA-bound proteins \[as suggested for the SMC homolog MukBEF ([@r70])\] in bacteria. It remains to be seen how bigger molecular complexes---e.g., replication machinery---can interfere with the process of loop extrusion.

In summary, our analyses suggest that bacterial condensin's loop-extrusion activity occurs by 2 effectively independent and uncoupled motor activities in vivo. Further, it appears that 2 major processes may be at play in shaping the genome-wide condensin trajectories and, hence, chromosome organization. The first is a transcription-independent mechanism that slows down loop extrusion when condensin proceeds toward the origin. The second is a transcription-elongation-dependent effect at highly transcribed loci like rRNA operons. Most crucially, our models with their inferred parameters show how SMC translocation speeds can vary as they progress through the genome; we show that the speed of extrusion is slowed down by interactions with transcription machinery and depends on the relative directions of transcription and extrusion. Our permeable moving-barrier models show that trains of RNAPs can serve as directional barriers to extrusion, with individual RNAPs having only a modest effect on translocating condensin, by pausing and pushing it back for a mere ∼2 s at rRNA loci and ∼10 s at protein-coding loci ([Fig. 5*D*](#fig05){ref-type="fig"}). In all, our work provides a quantitative and predictive framework to study the dynamics of SMC complexes and their interactions with other translocating DNA-bound complexes in vivo and in vitro.
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